Abstract: Tandem microlens arrays are commonly used in many applications for the beam shaping of an arbitrary input intensity distribution into a top hat. Because of the periodic structure of the regular arrays, the output intensity distribution is modulated by equidistantly located sharp intensity peaks, which reduces the homogeneity of the beam. A new concept is proposed in this paper for tandem microlens arrays incorporating a center off-axis microlens array for the generation of an intensity far-field distribution with improved homogeneity under coherent illumination with the envelope of a top hat. The geometric centers of the sub-apertures are randomly offset by the light axis of the sublens in the array to break the periodicity. The influences of the various off-axis amounts on the homogeneity are discussed. The center off-axis microlens array has been fabricated, and the corresponding laser beam homogenizing experiment has been carried out. The results verify that a high homogeneity output intensity distribution can be achieved based on the presented method.
Introduction
In many applications such as laser fusion, laser cosmetology, and material processing, uniform illumination on the target surface is usually required [1] - [3] . Therefore, the shaping of an arbitrary input intensity of a coherent laser beam into a top hat is an important issue.
Diffractive and refractive solutions have been used to improve the laser beam homogeneity. The diffractive elements can be used for the beam shaping which are designed to direct certain fractions of the input distribution into specific angles in order to generate the desired output intensity distribution. Since diffractive solution shows a strong dependency on the wavelength, it is only suited for a small spectral range only with low energy utilization rate [4] , [5] . The refractive elements are suited for a wider spectral range due to a lower dispersion compared to diffractive elements [6] - [8] . The microlens array (MLA) is a typical example of such a refractive element. Classical setups consist of a Fourier lens and at least one regular microlens array. In the beam homogenization method using MLA [7] , the input radiation is firstly divided into multiple fractions by each channel of the tandem microlens array. Then, the fractions can be superposed with each other in the focal plane of the Fourier lens for a uniform output intensity distribution.
However, multiple-beam interference will occur as a consequence of the use of many optical channels in parallel which will lead to sharp equidistant intensity peaks in case of using regular arrays [9] , [10] . This modulation derogates the homogeneity because of the periodic arrangement of the MLA which acts as a grating. This is especially perturbing in case of small subaperture, which is needed in the application situation of homogenizing the non-uniform input beam of small size, leading to increased distances between adjacent peaks. Since the periodic interference pattern in the far field is caused by the periodic structure of the MLA, a non-periodic far field pattern will result when breaking the periodicity of the MLA. The methods based on the chirped and stochastic tandem MLAs have been studied and an improved homogenization performance can be achieved compared to regular arrays. While the lenses can easily be transfer etched into silica, the bonding of the substrates to the wedge is an obstacle for the usage of the chirped array for high power applications not accepting polymer materials in the beam path [11] , [12] . For the stochastic array, an appropriate set of random values has to be chosen in order to achieve good homogenization results and not just any arbitrary set of random lens parameters will lead to satisfying performance. Consequently, even slight deviations between the designed and the fabricated MLAs will impact the appearance of the intensity distribution which might end up in homogeneity close to that of a regular array [13] , [14] .
Above all, in order to be compliant to the demands of high power applications and depress the difficulty of the fabrication, the center off-axis MLA is proposed in the manuscript. In the center off-axis MLAs, the geometric center of each sub-aperture is designed with random off-axis amounts, breaking the periodicity of the MLA, resulting in a non-periodic far field pattern. The preparation of the center off-axis MLA has been carried out, and the corresponding experiment has been realized to verify the feasibility of the presented method.
Design of the Center Off-Axis MLA
The design schematic diagram is shown in Fig. 1 , including a couple of MLAs and a Fourier lens. The first MLA is a center off-axis MLA, in which the sub-lens is randomly intercepted from a whole lens with different offsets between the geometric center of the sub-aperture and the vertex of the sub-lens where the light axis is located. The sub-aperture (D) and the focal length (f ) of the sub-lens in the center off-axis MLA maintain constant. The second MLA is a regular MLA located at the focal plane of the center off-axis MLA with the same D and f .
Because of the random offset which we called center off-axis amount, the multiple-beam divided by the center off-axis MLA will converge at different positions of the sub-lens in the regular MLA. Consequently, the periodicity of the multiple-beam can be broken to suppress the undesired equidistant peaks. Due to the beam radiated from the same position of the sub-lens in the center of-axis MLA, which located at the focal plane of the sub-lens in the regular MLA, the beam will be refracted in parallel. Therefore, the multiple-beam can be superposed with each other in the same area at the focal plane of the Fourier lens for an envelope of a top-hat.
The sub-lenses in the center off-axis MLA are numbered with index (i; j), where the i and j, represent the row and column number of the sub-lens, respectively. Thus, the off-axis amount Pði; jÞ of the corresponding sub-lens can be designed as 
The off-axis amount Pði; jÞ can be described by Px ði; jÞ and Py ði; jÞ which stand for the off-axis amount in horizontal (x ) and vertical (y ) direction. By varying the value of Pm which called the maximum off-axis amount with the index x and y , the range of the off-axis can be adjusted for a different center off-axis MLA. Because of the Pm multiplied by the function rand with the random value ranged from 0 to 1, the periodicity can be obviously disarranged.
Simulations
The influences of different off-axis dimensions and amounts on the output intensity distribution have been discussed. And the corresponding parameters used in the simulation based on the theory of the scalar diffraction by the MATLAB software are as follows: The wavelength is 
Center Off-Axis MLA in One Dimension
To simplify the complexity of the design, the center off-axis amount is firstly considered in one dimension. The off-axis amount of Py ði; jÞ which stands for the off-axis amount in y direction is defined as zero. Only the amount Px ði; jÞ is changed with Pmx which is equal to 0.5D. The phase distribution shown in Fig. 2(a) , which corresponds to this MLA arrangement, shows that the vertices of the MLA are randomly distributed along the x -direction. The output intensity distributions with the x -z and y -z cross section are shown in Fig. 2(b) . Since the existence of the off-axis amount in x direction, an improved homogeneity in x -z cross section is leaded. While the equidistantly located sharp intensity peaks in y -z cross section are still observed. Consequently, the center off-axis MLA in two dimensions must be designed.
Center Off-Axis MLA in Two Dimensions
The center off-axis MLA in two dimensions and the different maximum off-axis amounts of Pm are discussed. As shown in Fig. 3 , the center off-axis MLAs with different Pm are designed, respectively. Here, the value of Pmx and Pmy in two directions are designed equal to Pm. The periodicity can be obviously broke with the increasing value of Pm.
The corresponding output intensity distributions are shown in Fig. 4 . By observing the output intensity distributions, the sharp intensity peaks can be effectively eliminated with the increasing value of Pm in two dimensions.
As shown in Fig. 4(a) , when the off-axis amount Pm ¼ 0, the MLA is equal to the regular MLA structure. The output intensity distribution presents typical sharp intensity peaks distribution. With the increasing off-axis amount Pm, the sharp intensity peaks are becoming more and more unconspicuous as given in Fig. 4(b) . However, when the off-axis amount Pm ¼ 0:25D, there still exist several obvious sharp intensity peaks. When the off-axis amount Pm comes to 0:5D, the sharp intensity peaks can be obviously eliminated, which is presented in Fig. 4(c) . However, when the off-axis amount is larger than 0:5D, the strong stray light will occur at the edge of the spot because of the crosstalk between the channels of the tandem MLA, resulting in the decline of the energy utilization rate, as shown in Fig. 4(d) . Therefore, the maximum off-axis amount Pm should be limited by 0:5D.
The root-mean-square error (RMSE) has been used to specify the degree of uniformity. The RMSE is defined as the following equation: with I i the intensity of the output spot and I 0 the ideal intensity. In the simulation, the output intensity has been normalized. Therefore, the ideal intensity I 0 is valued with 1 in the calculation of RMSE. The corresponding RMSE values of different output intensity are shown in the Table 1 .
With the increasing value of Pm, the RMSE will decline, especially for the MLA changed from the regular to the center off-axis. Therefore, the homogeneity can be effectively improved.
Experiment and Results
To verify the simulation results, the MLAs with off-axis amount Pm ¼ 0 and Pm ¼ 0:5D were fabricated and corresponding experiments were carried out. Silica was chosen as the substrate and AZ1500 as the photoresist. The photoresist was spin-coated on the substrate at the speed of 2000 rpm for 20 s. Process parameters of prebake temperature, prebake time, and the photoresist thickness were 95 C, 10 min, and 4 m, respectively. A gray-scale mask was constructed to modulate the exposure dose according to the surface distribution of the MLAs [15] , [16] , which is shown in Fig. 5(a) . After the process of exposure, development, MLA on photoresist was obtained. After the etching process, the center off-axis MLA was transferred into the silica substrate, which is shown in Fig. 5(b) . The step profilometer was used to measure the surface distribution of the MLA, which is shown in Fig. 5(c) . From the cross section of the surface profile, we can figure out the difference between the adjacent sub-lenses in the MLA without periodicity.
The laser beam homogenizing experiments have been carried out based on the MLAs with off-axis amount Pm ¼ 0 and Pm ¼ 0:5D. The six-dimensional precise adjustment device has been used to ensure good alignment. By using the device, the translation and rotation in x , y and z direction can be operated by subtle steps. The translation step can be controlled in micron dimension, and the rotation angle can be adjusted in few minute degrees. In the experiment, the off-axis MLA and the ordinary MLA are installed in the adjustment device. By observing and analysing the pattern of the homogenized spot captured by the CCD (DH-HV3103UC), we can adjust the MLA for a good alignment. Finally, the output intensity distribution with the size of 4.8 mm captured by CCD can be obtained at the focal plane of the Fourier lens. Fig. 6 exhibits the output intensity distribution and its normalized cross-section distribution. The sharp intensity peaks distribution with Pm ¼ 0 is shown in Fig. 6(a) , where the distance of adjacent peaks is 249.6 m which can be calculated by the number of pixels multiplied by the size of the pixel. The number of pixels is 78 and the size of the pixel is 3.2 m. When the off-axis amount increases with Pm ¼ 0:5D, the sharp intensity peaks can be effectively eliminated for a more uniform intensity distribution. The speckle is nearly 57.6 m, which can improve the homogeneity by 5 times of the regular method.
Since the divergence angle of the input radiation in the experiment exceeds few divergence angles of the sub-lens in the center off-axis MLA which is randomly distributed, some corresponding fractions beam will be superposed over the square target surface. Meanwhile the alignment error between the two MLAs will affect the uniformity at the edge of the output intensity distribution. Thus, there exists a difference observed between the simulation and the experiment of the output intensity distribution.
In the actual application, it is necessary to pay attention to the alignment installation and the design of a suitable center off-axis MLA for an input radiation with certain divergence. 
